We report on a new measurement of the π − nuclear capture ratio on Hydrogen and Oxygen in water by two methods. The capture ratio is measured to be W H 2 O = (4.45 ± 0.24) × 10 −3 .
The nuclear π − capture ratio, or fraction of π − captured on the nucleus of Hydrogen or other element, X, has been measured in various hydrides H m X n [1] [2] [3] and studied for its dependence on chemical structure [4] [5] [6] [7] , and other physical parameters [8, 9] . Although these studies have demonstrated that the molecular structure of the compound significantly influences the nuclear π − capture ratio, the detailed understanding of the mechanism of capture of π − , which may include capture into Rydberg pion-molecular orbitals, transition to pion-atomic orbitals, and transfer from Hydrogen atom to other atom, is far from complete [12] [13] [14] .
Systematic studies of π − capture ratios [5, 7, 9 ] measured relative to H 2 O and CH 2 have enabled measurements with reduced systematic uncertainty. In these studies, the average yield of Refs. [1] [2] [3] in CH 2 was assumed to be exactly W CH 2 = 12.9 × 10 −3 and used for normalization. However, as shown in Table I , there are inconsistencies of up to 70 % and 50 % in the measured Hydrogen capture ratios on CH 2 and H 2 O, respectively. [2] . Also, many earlier experiments were performed at relatively high energies (60-80 MeV) with beam absorbers that diffused the beam distribution. The use of high energy pions also increases the probability of charge exchange reactions (π − ,π 0 ) in flight that cause significant background [10] .
In the present measurement of the π − capture ratio in water, a low-energy pion beam was used to minimize the contribution of charge exchange reactions and the beam composition was carefully monitored. Also, two complementary methods were employed; one was the measurement of π 0 yields from π − capture by Hydrogen (π 0 method), and the other was to fit the high energy part of the γ-ray spectrum to the expected spectra from radiative π The experiment was performed at the TRIUMF M9A channel. The typical mixture of incoming beam particles at the experimental target was e:µ:π=88:3:9 at P π = 70 MeV/c with a momentum bite ∆P/P = ±4 %. Figure 1 shows the detector setup. A detailed description of the experimental setup and conditions can be found in Ref. [15] . Incoming pions were identified by two wire chambers (WC1 and WC2) and two plastic scintillators (B1 and B2), and stopped at a rate of 1-10 kHz in an 8-mm thick purified-water target, tilted by 45 degrees. Decay products were observed by two telescope arms at 5 cm from the beam axis at ±90 degrees. Each telescope consisted of three 3-6 mm thick plastic scintillators (T1-T3 or M1-M3), and a 46 cm diameter, 51 cm long NaI(Tl) crystal (TINA) or a 36 cm diameter, 36 cm long NaI(Tl) (MINA). For γ-ray and π 0 detection, a 5.0 mm thick 50 × 50 mm 2 lead sheet was placed as a converter between the first and the second plastic scintillators in the MINA telescope, 7 cm from the target center.
The trigger required a beam particle stopping in the target (B1·B2·B3) with the presence of an outgoing particle into the M2 counter that enabled to accept events containing electrons, γ-rays, and π 0 's (two γ-rays from π 0 → γγ decay). Beam pions were preferentially Monte Carlo (MC) calculations [15] were used to simulate the pion beam and π 0 detection.
Pions were generated 110 cm upstream of the target, according to the beam profile, and transported to the target. π − 's were assumed to be captured where they stopped with emission of protons or deuterons according to their respective probability [15] .
In the analysis, incoming pions were identified by energy loss in the beam counters B1
and B2, and time-of-flight (TOF) with respect to the proton beam bunch. With the above requirements, the electron contamination was estimated to be < 10 −5 of the "π − stops".
Muons originating near the pion-production target were well separated in the TOF spectrum, but those from decay-in-flight (DIF) upstream of the B2 counter were suppressed by the energy loss cuts in the B1 and B2 counters. The remaining muons including DIF downstream of the B2 counter were measured to be 1.6 %, which was consistent with the MC estimate of 1.8 %. Pions which did not stop in the target but missed the B3 counter were estimated to be ∼0.2 %.
In the π 0 method, the variation of ∼ 3 % in the π 0 production rate per "pion stop", consistent with the expected statistical variation. The stability of the beam was also monitored using the accidental peaks for different particle types in the TOF spectrum. The π 0 acceptance was estimated to be 2.16 ± 0.13 % by MC calculations [15] in which the π − was "converted" where it stopped to a 2.9 MeV π 0 emitted isotropically. The error in the acceptance derives from the uncertainties in the positions of the counters and the Pb converter. It was estimated by summing in quadrature the efficiency differences, from the standard geometry based on the measured geometry, for displacements of the M1-3 counters, the target, or the lead converter by MC calculations based on S-wave cross sections [16] for Hydrogen and approximate cross sections for Carbon and Oxygen [17] reproduced the charge exchange background in the B2
counter. The non-target charge exchange reaction background to the π − capture ratio was measured with the Be target to be 0.05×10 −3 , while the MC prediction was 0.06×10 −3 . The additional contribution from charge exchange reactions in the target, which was not in the background subtraction, was estimated to be 0.11 × 10 −3 and subtracted from the capture rate-the dominant contribution was from the reaction on Hydrogen. Using the Panofsky ratio of 1.546 [18] to compensate for the π − H → γn channel and the total number of 46664 π 0 events for 1.22 × 10 9 π − stops (only 60.9 % were valid pions), the capture ratio by the Hydrogen atom in water was obtained to be W π 0
Capture ratios measured at P π − = 67, 70, and 73 MeV/c with the circular target were consistent within statistical uncertainties, but the ratio measured at P π − = 64 MeV/c was
In this case, a large fraction of pions (75 %) stopped in the B2 counter.
Correcting this result for the the stopping fraction in the water target gives the capture ratio An alternative measurement method (γ method) was based on the singles γ-ray energy 6 spectrum measured by MINA. Since the relative yields of the γ-rays from π − radiative capture reactions by Hydrogen and Oxygen can be deduced from the γ-ray spectrum fitted with two components, this method is free from possible systematical uncertainties arising from determination of the number of stopped pions in the present experiment and the detection solid angle. Events were selected with the γ-ray signal defined as M1 · M2 · M3 · MINA.
The crosses in Fig. 3 indicate the energy spectrum of the selected γ-rays. The γ-ray spectrum for Hydrogen capture was generated by summing γ-ray distributions from the π − H → γn reaction and π 0 decays following the π − H → π 0 n reaction weighted with the Panofsky ratio. The γ-ray spectrum for Oxygen was generated using the parametrization with nine γ-lines and two continuum distributions described in Ref. [19] . The energy reso- Apart from the correction for charge exchange reactions in the target, the systematic errors in the two methods are uncorrelated; the uncertainties of the first method are in the acceptance (geometry) and the number of stopped pions, while the second method only depends on the γ-ray energy spectrum and the measurement of radiative pion capture on Oxygen. There is a reasonable agreement between the results of the two methods.
The combined result is W H 2 O = (4.45 ± 0.24) × 10 −3 , which is larger than the previous measurements. Using the ratio between the H 2 O and CH 2 measurements [5] , the present result corresponds to W CH 2 = (16.33 ± 0.95) × 10 −3 for CH 2 , which is 25 % larger than the average used for normalization in recent measurements [5, [7] [8] [9] . The present result for scintillator is also ∼15 % higher than the linearly interpolated value 6.0×10 −3 from the averages for W CH 2 and W CH [1] [2] [3] [4] .
The averages of the previous experiments for W H 2 O and W CH 2 were lowered by a single experiment [2] , of which the results were systematically lower by ∼ 20 % than the other experiments. A possible source of the difference can be in the method of estimating the stopping fraction of pions in the target; without energy loss information, the range distribution measurement of beam particles entering the target is likely to be contaminated with muons from DIF, scattered electrons, and protons from nuclear reactions. For the experiments with high-energy pions, the contribution from DIF can be as large as ∼12 %, as estimated by MC calculations using the geometry of Ref. [1] , although the actual DIF fraction varies with the online thresholds of the beam counters and the geometry. In the present experiment, these contributions were well controlled in the offline analysis.
